Many Gram-negative bacterial pathogens employ a contact-dependent (type III) secretion system to deliver effector proteins into the cytosol of animal or plant cells. Collectively, these effectors enable the bacteria to evade the immune response of the infected organism by modulating host-cell functions. YopM, a member of the leucine-rich repeat protein superfamily, is an effector produced by the bubonic plague bacterium, Yersinia pestis, that is essential for virulence. Here, we report crystal structures of YopM at 2.4 and 2.1 A Ê resolution. Among all leucine-rich repeat family members whose atomic coordinates have been reported, the repeating unit of YopM has the least canonical secondary structure. In both crystals, four YopM monomers form a hollow cylinder with an inner diameter of 35 A Ê . The domain that targets YopM for translocation into eukaryotic cells adopts a well-ordered, a-helical conformation that packs tightly against the proximal leucine-rich repeat module. A similar a-helical domain can be identi®ed in virulence-associated leucine-rich repeat proteins produced by Salmonella typhimurium and Shigella¯exneri, and in the conceptual translation products of several open reading frames in Y. pestis.
Introduction
Although invasive bacterial pathogens are a taxonomically diverse group of microbes, it is becoming clear that even distantly related organisms often employ similar virulence strategies. 1 One common theme, exempli®ed by pathogenic species of Yersinia, Salmonella, Shigella and Xanthomonas, among others, is the use of a contact-dependent (type III) secretion system to inject proteins directly into the cytosol of eukaryotic cells. 2 ± 4 These proteins, termed effectors, enable the bacterium to evade the non-speci®c immune response of the infected organism by interfering with host-cell functions. Whereas the number and nature of the effectors delivered by each pathogen is quite variable, many structural components of the type III secretion apparatus (approximately 20 polypeptides in all), are conserved even among distantly related pathogens, and some are clearly related to proteins involved in the assembly of the bacterial agellum, suggesting a common origin for these two systems. 2, 5 Yersinia pestis, the causative agent of plague, injects at least six effectors into the cytosol of mammalian cells: YopE, YopH, YopJ, YopM, YopT and YpkA. Most of these proteins are essential virulence factors. 6 YopH and YpkA contain functional eukaryotic-like protein tyrosine phosphatase and serine-threonine kinase domains, respectively.
YopH dephosphorylates focal adhesion kinase, paxillin, Fyb, p130 Cas , SKAP-HOM, and possibly other targets as well, thereby antagonizing bacterial phagocytosis and causing the disruption of focal adhesions at sites of cell attachment to the extracellular matrix. 7 ± 9 The kinase activity of YpkA is stimulated by actin, 10 but the eukaryotic protein(s) it phosphorylates is still unknown. YpkA has been observed to associate with Rho-family GTPases. 11, 12 However, YpkA does not phosphorylate these GTPases, and so the signi®cance of this interaction is unclear. YopJ is a ubiquitin-like protein protease that inhibits mitogen-activated protein kinase (MAPK) and nuclear factor kb (NFkB) signaling in animal cells, thereby triggering apoptosis, and resulting in general suppression of the in¯ammatory response. 13 YopE and YopT elicit cytotoxic effects by modulating the activity of Rho family GTPases, which are pivotal regulators of the actin cytoskeleton. 14 ± 16 The Yersinia effector about which the least is known is YopM. This highly acidic protein (pK $ 4.2) is essential for virulence, 17 but its speci®c targets and anti-host functions have yet to be elucidated. YopM has been observed to accumulate in the cytosol, and in contrast to the other Yersinia effectors, also in the nucleus of mammalian cells. 18 Y. pestis YopM has a modular architecture dominated by 15 tandem copies of a 20/22 residue leucine-rich repeat (LRR) motif. The repeating unit in YopM (Figure 1 ) is the shortest among all LRRs known to date. 19 The LRRs in Y. pestis YopM comprise the central 310 residues in the polypeptide sequence, and are bracketed by 73 and 24 residues on the N and C termini, respectively. The function of the C-terminal tail of YopM is unknown. However, as is thought to be true of all the Yersinia effectors, information contained in the N-terminal region of YopM targets the protein for secretion from the bacterium and translocation into mammalian cells. 20 To investigate the molecular architecture of an LRR domain that is comprised of the smallest repeating unit, and to gain some insight into the function of Y. pestis YopM, we have crystallized the protein and determined its structure in two different crystal forms at 2.4 and 2.1 A Ê resolution.
Results and Discussion
Three crystal forms of YopM Recombinant Y. pestis YopM with a C-terminal hexahistidine tag was overproduced in Escherichia coli, puri®ed, and crystallized as described. 21 The ®rst structure (space group P4 2 22), with one molecule in the asymmetric unit (AU), was solved by isomorphous replacement using platinum and mercury derivatives. Two other structures (space groups I4 1 22 and C222 1 , with one and two molecules per AU, respectively) were solved by molecular replacement using the P4 2 22 structure as a model. Only the P4 2 22 and I4 1 22 structures are discussed here because the data for the C222 1 structure is of low quality, and the protein model is still undergoing re®nement. Representative electron density from the initial experimental map and from the two fully re®ned structures is shown in Figure 2 . The fold of the YopM monomer is illustrated in Figure 3 .
The secondary structure of YopM
A distinguishing feature of YopM is its paucity of canonical secondary structure. As is typically the case in other LRR proteins, only three residues in each strand on the concave face of YopM engage in the characteristic backbone-backbone hydrogen bonding interactions that are the hallmark of b-sheet structure. However, whereas the strands that comprise the convex surface of LRR domains in other proteins almost invariably are helical (3 10 helices in internalin B, 22 U2A H23 and TAP, rna1p 26 and ribonuclease inhibitor 27 ), in YopM this part of the structure adopts an extended conformation instead. This latest architectural twist underscores the versatility of the LRR motif as a building block for protein structures, and serves as a remarkable example of how even large proteins can adopt stable conformations in the absence of extensive a-helical and/or b-sheet structure. The region of the protein with the greatest density of canonical secondary structure consists of a tandem pair of a-helices, located just proximal to the ®rst LRR module (Figure 3 ). This part of the structure purportedly corresponds to the signal that targets YopM for translocation into eukaryotic cells. 20 A theoretical model of the YopM LRR domain structure has been proposed by Kajava and coworkers. 28, 29 This model is generally similar to the crystal structure of YopM, especially in the b-sheet portion of the LRR domain. However, it did not correctly predict the conformation of the polypeptide chain in the proline-rich region of each repeat, nor did it anticipate the overall helical twist of the protein.
The LRRs in YopM
YopM contains two slightly different types of LRR (Figure 4(a) ). The longer variation (22 residues) includes a short helical segment at the apex of the loop; otherwise, the backbone conformations of these two repeat types are nearly identical. There are only three repeats of the 22-residue type in YopM, the remainder being 20 residues in length, and completely devoid of helical content. An individual LRR in YopM may be de®ned as 20 consecutive residues (or 22 residues in three cases), beginning at an arbitrary position. However, it is convenient to use the beginning of the ®rst LRR in YopM (residue 74) as the starting point for our de®nition of the repeating unit. Least-squares superimposition of the two types of LRRs (Figure 4(a) ) makes it clear that the differences between the 20 and 22-residue repeats are restricted to the upper-left corner of the LRR, so the two types may be analyzed in a uniform Although the structures of the P4 and I4 crystal forms of YopM are not identical, individual repeats from the P4 structure superimpose with their analogues in the I4 structure with an average C a rmsd of only 0.35 A Ê . Analysis of the least-squares alignment of all 15 LRRs in both crystal structures of YopM onto one another revealed that LRR13, having the least average C a rmsd from all the other repeats, can be used as a standard of reference with which all the other LRRs can be compared, in both the P4 and the I4 structures. A plot of the C a rmsd per residue demonstrates that apart from the ®rst LRR, the last LRR, and the geometrically different parts of the three 22-residue LRRs, there are only a few residues whose C a atoms deviate from the corresponding positions in LRR13 by more than 1 A Ê ( Figure 5(a) ). All of these differences are due to the substitutions of conserved proline residues with serine or cysteine residues.
Structurally important residues and inter-repeat interactions
Certain positions of the LRRs in YopM are occupied by highly conserved amino acids, whereas other positions can accommodate a wide variety of residues. Positions 3, 5, 10, 13, 16 and 20 contain the structural leucine, isoleucine, valine, and ala- nine residues. The van der Waals interactions involving these residues appear to be the main factor that stabilizes the overall fold of the LRR domain. Position 8 contains an invariant (except for the N-terminal repeat) asparagine residue, the side-chain of which is oriented towards the core of the LRR. This side-chain forms strong hydrogen bonds with the main-chain carbonyl group of the residue in position 5 of the same repeat, as well as with the main-chain carbonyl group in position 5 and main-chain amide group in position 8 of the previous repeat. Cooperatively, these asparagine residues form a``ladder'' that serves as the spine of the LRR domain in YopM. Similar asparagine residue ladders are found in other LRR proteins as well (e.g. in the structure of U2A H ). 23 Position 19 contains a loosely conserved serine residue that makes a hydrogen bond with the main-chain carbonyl group of position 18 in the previous repeat. This interaction generates another cooperative stabilization pattern across the LRR domain of the protein. Positions 14, 17 and 18 contain highly conserved proline residues that are most likely important for the stabilization of the extended conformation of the polypeptide chain in this area. It can be readily observed that the C a atomic displacement parameters (B-factors, ADPs) oscillate with a periodicity of 20 residues ( Figure 5 (b)), indicating that the distribution of B-factors within each repeat is non-random. Analysis of this distribution shows that the residues in positions 11-18 have systematically higher ADPs ( Figure 5(c) ). The conserved proline residues may serve to reinforce the most¯exible region of the LRR backbone, where direct inter-repeat contacts do not occur. It is not clear why acidic residues are strongly preferred in position 15; their side-chains are not organized into any kind of regular array that would suggest they contribute to the stability of the fold.
Comparison of the YopM LRR with the repeating units of other LRR proteins
LRRs vary in their length and pattern of conserved residues. 30 In Figure 6 and 27 and the U2A H spliceosomal protein. 23 For most of the LRR types, the righthand side b-sheet portions, the lower-left corner turn, and the top of the backbone``box'' overlap almost exactly with the corresponding parts of the YopM LRR. The left sides are quite variable and do not align well. The 3 10 helix of the internalin B LRR occupies almost exactly the same space as the proline-rich, extended segment of the YopM LRR. This bacterial LRR is most similar to the repeat found in YopM.
The geometry of the YopM monomer
We used the backbone atoms of every repeat in YopM to construct 15 least-squares planes. Together with the centers of gravity of each LRR, these planes can be used to describe the geometry of the LRR domain in terms of its repetitive struc- Structure of Yersinia pestis YopM ture. For the P4 and I4 structures, the absolute average vertical/horizontal displacements of each LRR from its predecessor are 1.2/4.9 and 1.3/ 5.0 A Ê , respectively. The angle between two consecutive LRR least-squares planes is $11.5 in the P4 structure and $11.9
in the I4 structure. Overall, the C a positions in the YopM monomers from the P4 and I4 structures superimpose with an average rmsd of 1.4 A Ê . When the superposition is performed only on the bi-helical module of the two molecules (residues 34-74), the backbones diverge progressively toward their C termini (Figure 7(a)  and (b) ). This implies that the conformation of the YopM monomer can change depending on the environmental conditions. The P4 form of YopM is less curved and more extended than the I4 form. Analysis of the backbone torsion angles of the two conformations of YopM shows that there are small ($10 on average) systematic differences between the two structures in most of the f and c angles, as well as a few signi®cant differences in areas where the backbone radically changes conformation ( Figure 7(c) ). Interestingly, the areas of greatest conformational variability correspond to parts of the sequence where structurally conserved proline residues are substituted with serine or cysteine residues (e.g. Ser128 and Ser293), reinforcing the hypothesis that these conserved proline residues stabilize the otherwise¯exible backbone sections that comprise the convex face of the protein. The crystallization conditions for both forms differ only by a few percent in ethylene glycol concentration, and so it is not clear what drives the protein into a particular conformation.
Water-mediated interactions
Tightly bound solvent molecules form a quasiregular network that bridges the backbone on the convex side of the protein (Figure 8) . A similar water network was observed in the high-resolution structure of internalin B. 22 Comparison of the solvent networks in the P4 and I4 structures reveals an overall pattern of conservation, but there are also differences, especially in regions of the LRR domain where the backbone adopts slightly different conformations in the two structures. The water network appears to compensate for the lack of direct inter-repeat interactions on the convex side of YopM, and may also help the protein to achieve a compromise between¯exibility and structural stability; the inherent``softness'' of the backbonewater-backbone solvent bridges enables the backbone to experience considerable variation in geometry without imposing a signi®cant energy penalty.
Orthologs of YopM in Yersinia enterocolitica
Two YopM sequences from different strains of Y. enterocolitica have been published. 20, 31 Knowledge of the formal geometry of the Y. pestis YopM (YopM p ) monomer allowed us to construct models of these YopM proteins, which contain 20 and 13 LRRs, and are termed YopM e20 and YopM e13 , respectively. In addition to the two types of LRR that are present in YopM p , YopM e20 includes one 21-residue repeat that is very similar to the 20-residue LRR except that it contains an extra serine residue after position 6. The non-repetitive N and A model of the protein backbone of YopM e20 was constructed by fusing together blocks of individual repeats, according to the rules of LRR organization derived from the structure of YopM p . This backbone then was used as a scaffold onto which the sequence of the protein was overlaid either manually or automatically (e.g. using SwissProt threading server 32 ). A model of the YopM e13 structure was constructed by deleting LRRs 8 and 9 from the structure of YopM p , fusing the remaining portions in order to remove the gap, and then altering the amino acid sequence.
Surface features of the YopM monomer
A schematic diagram of the Y. pestis YopM LRR domain surface, colored in accordance with charge and hydrophobicity of the amino acid side-chains, is presented in Figure 10 . It is readily apparent that the concave side of the protein exposes a variety of amino acid side-chains, whereas the convex side exposes a semi-regular array of mostly proline and acidic residues. The solvent-exposed proline residues create a thin hydrophobic strip on the otherwise negatively charged surface. It is clear from crystallographic studies that both U2A
H and ribonuclease inhibitor utilize the concave surfaces of their LRR domains to bind their target proteins, and it has been inferred on the basis of sequence conservation and/or site-directed mutagenesis experiments that the same is true of internalin B, Structure of Yersinia pestis YopM rna1p, and TAP. It therefore seems likely that the concave surface of YopM will also be involved in target recognition.
We reasoned that additional insight into the potential binding site(s) on YopM might be gained by comparing the surfaces of YopMs from different species, as the functional surfaces are expected to be conserved. The models of YopM e13 and YopM e20 were used to derive schematic representations of their respective surfaces. Figure 10 illustrates the distribution of residue types on the surfaces of all three YopM proteins. Like YopM p , the concave surfaces of the model monomers exhibit more variation in residue types than their convex surfaces. A two-dimensional alignment of the concave surfaces revealed a conserved patch of residues in all three proteins (Figure 10 ). In YopM p and YopM e13 , the center of this patch is located six repeats from the C termini of the proteins, whereas in YopM e20 it is situated six repeats from the N terminus. The signi®cance of these conserved residues could be evaluated by site-directed mutagenesis.
The YopM tetramer
A particularly striking aspect of the YopM structure is its quaternary architecture. In all three crystal forms, protein tetramers are found in the crystal lattice (Figure 11(a) ). The tetramer is a superhelix that describes a hollow cylinder with an inner diameter of $35 A Ê . Each strand of the helix is created by dimerization between the C-terminal LRR modules of two YopM monomers. This interaction buries a considerable amount of exposed hydrophobic surface on the distal LRR modules of the monomers (Figure 11(b) ). The alignment of LRR modules between monomers gives rise to a nearly continuous coil, almost as if there were no interruption between repeats.
Two end-to-end dimers wrap around each other in a helical fashion to form a symmetrical tetramer. A considerable amount of surface area is occluded by this interaction as well (Figure 11(b) ). In fact, most of the exposed hydrophobic surface on the YopM monomer is involved in protein-protein contacts in the tetramer. Two symmetry-related pairs of calcium ions are intimately associated with the interface between dimers of YopM ( Figure 11(c) ). They are held in place by interactions with Asn246, Asp266, Asn307, Glu308 and Asn326. Calcium site 1 coordinates six ligands into an almost perfect bipyramid, whereas site 2 coordinates seven ligands into a``capped'' bipyramid. The geometric parameters of the calcium coordination spheres are presented in Table 2 . Other residues involved in tetramerization include the tyrosine and isoleucine residues in position 9 of LRR9 and LRR10 that interact with their symmetry equivalents from the neighboring molecule to form a tight hydrophobic cluster.
The biological signi®cance of the YopM tetramer is unclear at the present time. Although it occurs in all of the crystal forms of the protein and seems artfully designed, we cannot rule out the possibility that the tetramer is an artifact resulting from the high concentration of calcium in crystallization solutions. Experiments designed to demonstrate oligomerization under more physiological conditions produced contradictory results: sizeexclusion chromatography coupled with refractive index/light-scattering measurements indicated that the protein is monomeric in both the absence and presence of 0.8 mM calcium ions, whereas glutaraldehyde cross-linking under similar conditions suggested that the protein undergoes oligomerization upon the addition of calcium (data not shown). It is possible that tetramers of Y. pestis YopM form concomitantly with the binding of its target(s) in eukaryotic cells but are not energetically favorable under physiological conditions in the absence of the speci®c cellular target(s). In this regard, it would be interesting to examine the effect on virulence of mutants that are defective in tetramerization.
If the tetramer is biologically relevant, then one might anticipate that the potential to form oligomers would also exist in the two Y. enterocolitica YopMs. We attempted to assemble tetramers of YopM e21 and YopM e13 by aligning the last four LRRs in the corresponding monomers with the last four LRRs in the tetrameric YopM p structure. The model of the YopM e13 tetramer constructed in this fashion is very similar to the tetramer of YopM p . It can be speculated that the calcium-binding sites are formed in essentially the same fashion, although the equivalent of the key bidentate Ligand numbering corresponds to Figure 11 . Italicized residues belong to the symmetry-related protein monomer. that de®ne the boundaries between the convex and concave surfaces. Buried structural residues have been omitted for clarity. A patch of residues conserved in all three structures is highlighted. In YopM p this patch corresponds to: Gly223 (residue 6 in LRR8); Tyr243, Asp245 and Asn246 (residues 4, 6 and 7 in LRR9); Asn263, Arg265, Asp266 and Tyr268 (residues 4, 6, 7 and 9 in LRR10); Phe281, Asp283, Ser285, Glu286 and Ile288 (residues 2, 4, 6, 7 and 9 in LRR11); and Asn303 and Ser305 (residues 4 and 6 in LRR12).
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calcium-binding aspartic acid 266 in YopM p would be a glutamic acid residue in YopM e13 . Conversely, many residues from the N-terminal region of each YopM e20 monomer come unacceptably close or even clash with the other monomers in the model of the YopM e20 tetramer. Consequently, analogous tetramers of YopM e20 could not form unless the geometry of the individual monomers differed signi®cantly from what is observed in the YopM p structure. We know that the YopM p monomer is fairly¯exible, because it adopts slightly different conformations in the P4 and I4 structures, but the limits of its¯exibility are not clear. It is even remotely possible that the biologically relevant form of YopM is almost¯at. Yet, the large hydrophobic patch on the surface of LRR15 that mediates the dimerization of YopM p monomers to form one strand of the tetrameric superhelix is conserved in all three proteins, and so it seems likely that both Y. enterocolitica proteins could also form tail-to-tail dimers. We hope to be able to shed some light on the structure and oligomeric states of YopM e13 and YopM e20 in the near future.
Secretion and translocation signals in YopM
A major unresolved question pertaining to type III secretion systems concerns the precise nature of the signals that target the effectors for secretion from the bacterium and translocation into the mammalian cytosol. Secretion and translocation appear to be triggered by different signals, because some Yersinia proteins are secreted but not translocated. 6 By analyzing the secretion of partially deleted Yersinia effectors fused to various reporters, it was possible to conclude that the secretion signal is located at the very N termini of the coding sequences. 6 However, the N termini of the effectors bear no obvious similarity to each other, nor do they resemble the signal peptides involved in the general sec-dependent secretion pathway. 1 Furthermore, no residues are cleaved from the effectors in transit.
In YopM, the secretion signal was localized to within the ®rst 40 codons. 20 However, no electron density can be observed for the ®rst 33 residues of YopM, suggesting that this part of the protein may be disordered. This is in contrast to the secretion signal in the Yersinia effector YopH, which is intimately interwoven into the structure of the Nterminal domain of the protein. 33 Deletion analyses also revealed that the translocation signals in the Yersinia effectors are located immediately adjacent to the secretion signals in the N-terminal region of the proteins. 6 However, there is no apparent sequence similarity between translocation signals in different effectors, even within the same organism, and so it is not clear what features are recognized by the type III translocation apparatus. Yet, the effectors from one organism are capable of being recognized by the translocation machinery of another, suggesting the existence of a universal signal in all proteins that transit type III pathways. 34 In YopM, the translocation signal has been localized within the ®rst 100 residues and extends farther than the ®rst 41 residues. 20 Residues 34-75 adopt a well-ordered, a-helical conformation in the crystal structure of YopM (Figure 12(a) ). The tandem pair of helices packs tightly against the edge of the proximal LRR module. It is not clear how the translocation signal in YopM could be universal, however, because we were unable to identify a similar motif in the amino acid sequences of the other Yersinia effectors, nor does one exist in the structure of the Nterminal domain of YopH. 33 Conversely, nearly all of the bacterial LRR proteins that have been identi®ed thus far appear to contain a similar pair of a-helices, including the Salmonella typhimurium proteins SlrP, 35 SspHI and SspH2, 36 the Shigella¯exneri virulence factor IpaH, 37 and at least three other ORFs of unknown function in the Y. pestis genome (Figure 12(b) ). The most highly conserved residues are buried at the interface with the proximal LRR module in YopM, suggesting that the tandem helices adopt a similar conformation in all of these LRR proteins. Because their consensus LRR repeats are very close to that of YopM, we anticipate that the tertiary structures of these other bacterial LRR proteins will also contain very little conventional secondary structure. It seems plausible that one role of the tandem helices in these bacterial LRR proteins may be to facilitate the folding of the adjacent LRR domains by providing a nucleation site for the organization of the proximal LRR module, after which the folding of subsequent LRR modules could proceed in a stepwise fashion. Additionally, the helices form a hydrophilic cap on the hydrophobic core of the proximal LRR module, which would otherwise be exposed to solvent. It is also possible that the tandem helices provide the asymmetry that is necessary for the proper orientation of YopM polypeptides in the tetramer. In any case, we believe that the pattern of amino acid conservation seems more consistent with a structural role for these helices in YopM and other bacterial LRR proteins than with a role in the translocation process.
Materials and Methods
Protein expression, purification and crystallization A recombinant form of Y. pestis YopM with a C-terminal polyhistidine af®nity tag was overproduced in E. coli, puri®ed to homogeneity and crystallized, as described. 21 A new crystal form (space group I4 1 22) of YopM was produced in the same general manner as described previously, using 25 % ethylene glycol, 0.15 M calcium acetate, and 12 % isopropanol as the reservoir solution in hanging drop experiments. An ethyl mercury Structure of Yersinia pestis YopM phosphate derivative was prepared by soaking the P4 2 22 crystals in a 6 mM solution of the reagent for two hours. Due to the lack of crystals of useful size, the second derivative was prepared by soaking the already mercury-derivatized crystals in 5 mM potassium tetrachloroplatinate for 2.5 hours.
Data collection and structure solution
Data collection was performed at beamline X9B of the National Synchrotron Light Source, Brookhaven National Laboratory (Upton, NY). For data collection, the crystal of the I4 1 22 form (0.24 mm Â 0.2 mm Â 0.2 mm) was soaked in 45 % ethylene glycol for ®ve minutes, mounted in a loop (Hampton Research) and¯ash-frozen in a cryogenic nitrogen stream at 100 K (Oxford Cryostream). X-ray diffraction was recorded using an ADSC Quantum 4 2 K Â 2 K CCD detector positioned 130 mm from the crystal. Diffraction data were collected in two passes in order to obtain unbiased low-resolution values. During the ®rst pass, the oscillation speed was eight minutes/ deg. with an oscillation angle of 0. 25 . For the second pass, the oscillation speed was increased to one minute/ deg., using the same oscillation angle. A total of 55 of data were collected. Diffraction images were reduced and scaled using HKL 38 software. Essential data collection details for the other crystal forms were described. 21 Data statistics and additional data collection details are summarized in Table 3 .
Peaks corresponding to heavy atoms were clearly visible on isomorphous and anomalous Patterson maps. Structure solution for the P4 2 22 form was performed using the programs Solve 39 and CNS, 40 resulting in an overall ®gure of merit of 0.37 at 100-3 A Ê resolution. Density modi®cation was performed with Resolve, 41 yielding a combined ®gure of merit of 0.71.
Model building and refinement
A total of 353 amino acid residues were ®t to the electron density (Figure 2(a) ) using the program O 42 and re®ned using SHELXL. 43 At this stage of re®nement, two difference density peaks of $15s were found at the interface between crystallographically related monomers. These peaks were assigned as calcium ions on the basis of ligand composition and the coordination geometry of the metal. After several successive rounds of re®nement and rebuilding, water molecules were assigned to >3s peaks on the difference electron density map, which had reasonable hydrogen bonding geometry. A simulated annealing total omit map was calculated using CNS 40 to check for model inconsistencies. The 2.35 A Ê mercury derivative dataset was used to re®ne the ®nal model. All the mercury atoms found during structure solution were bound to either cysteine or histidine residues. Mercury atoms were re®ned with ®xed partial occupancies that were estimated during the initial phase re®nement, and with isotropic temperature displacement factors. To account for the anomalous effect of mercury, the Friedel equivalents in the dataset were not merged. The structures of the other two crystal forms of YopM were solved by molecular replacement using the model obtained from the P4 2 22 crystal (AMoRe 44 ). As expected, the AU of the C222 1 crystal form contained two protein monomers. Surprisingly, only one monomer was found in the AU of the I4 1 22 crystal form, resulting in a crystal with $79 % (v/v) solvent content. The initial re®nement and rebuilding of the I4 1 22 crystal structure were performed, as described for the P4 2 22 structure. The high solvent content of the I4 crystal prompted us to use the more rigorous bulk solvent correction implemented in CNS. This correction resulted in $4 % drop of R free (the same set of R free re¯ections was used during all the stages of the re®nement) and thus was deemed necessary. In order to maintain consistency in the re®nement procedures, the ®nal models of both P4 and I4 structures were subjected to the conjugated-gradient least-squares re®nement procedure in CNS, followed by isotropic ADP re®nement using individual B-factors for all atoms. The details of the crystallographic re®nement are presented in Table 3 .
Molecular graphics were generated with BobScript, 46 MolScript 47 and Raster3D. 48 Structure validation, sequence alignment, modeling of orthologous YopMs and miscellaneous calculations
Experimental YopM models were veri®ed with CNS, 40 PROCHECK, 49 and WHATIF. 50 Models of YopM e13 and YopM e20 from Y. enterocolitica were either constructed manually from individual LRRs, and then subjected to regularization in O and CNS, or submitted as sequencebackbone sets to the SWISS-MODEL homology threading server. 32 Regularized models were checked for abnormalities using WHATIF and corrected manually if necessary.
YopM sequences were aligned using the program PileUp (Wisconsin Package Version 10.2, Genetics Computer Group, Madison, WI) followed by considerable manual improvement. Two-dimensional surface map best-®t superposition was performed semi-manually using a custom PERL script.
Least-squares coordinate best-®t superimpositions, planes, interatomic distances, B-factor distributions, and backbone torsion angle calculations were calculated with LSQMAN, 51 MOLEMAN2, 52 CNS, 40 and several custom PERL scripts. Hydrogen bonds were calculated with HBPLUS, 53 and a custom PERL script was employed to sort and analyze them. All scripts are available from A.G.E. upon request.
Methods used to assess the oligomeric state of YopM
Cross-linking of YopM was performed by mixing solutions of divalent metal salts (Ca 2 , Mg 2 , Zn 2 ) with 0.1 mg/ml À1 of protein in 30 mM NaPO 4 (pH 7.0), 50 mM NaCl. The solutions were incubated at room temperature for 20 minutes before glutaraldehyde was added to a ®nal concentration of 0.1 %. Crosslinking was performed for 15 minutes prior to gel electrophoresis.
Light-scattering analysis of YopM was performed using DAWN Eos (Wyatt Technology) 18-angle light scattering detector. YopM samples were diluted to the ®nal concentration of 2 mg/ml in 20 mM Hepes (pH 7.4), 150 mM NaCl, in presence of either 1 mM EDTA or 0.8 mM CaCl 2 . The samples (50 ml) were passed through a 1 cm Â 30 cm Superdex-200 column that had been preequilibrated with one of these buffers at a¯ow rate of 0.3 ml/minute. UV/VIS, light-scattering, and refractive index (RI) were monitored during the run. Lightscattering from eight angles and the RI were used to estimate the molecular mass of the species in the peak fractions. Bovine serum albumin (Sigma) was used as a calibration standard.
Protein Data Bank accession numbers
The atomic coordinates and structure factors for the P4 2 22 and I4 1 22 crystal structures have been deposited with the Protein Data Bank 45 (accession codes 1G9U and 1JL5, respectively). The C222 1 crystal structure is still undergoing re®nement and will be deposited at a later time.
